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SUMMARY

The caloculated performance of three series of ducted-fan turbo-
Jot engines designed for obtaining maximm net thrust per pound of
alr handled, minimm net-thrust specific fuel consumption, and maxi-
mm flight range 1s presented. The performance of these engines with
thrust augmentation by auxiliary burning for obtaining meximm thrust
and without auxiliary burning for achieving maximm economy or maxi-
mm range is analyzed et flight Mach mumbers of 0.3 to 0.9 at an alti-
tude of 30,000 feet.

A comparison is made between the characteristica of the ducted-
Tan turbojet and turbojet engines, with or without tail-pipe burning,
operating at conditions of meximm thrust per pound of air handled,
minimm net-thrust specific fuel consumption, and maximum rangse.
Turbine-propeller-engine data are also included for additional com-
prarison. The range characteristics of all engines are presented
for pay~load~to~-gross-weight ratios of 0.0 to 0.4.

The comparisons indicatethat:

1. The turbojet engine with taill-pipe burning produced greater
net thrust per pound of air handled then any configuration of the
ducted-fan turbojet engins.

2. The turbine-propeller engine provided the lowest specific
fuel consumption and the maximm range of any of the engines con-
sldered below a flight Mach mumber of 0.6 for pay-load-to-gross-welght
retlos of 0.3 or less.

3. Maximum range for both the ducted-fan engine and the turbojet
engine occurred at a flight Mach mmber of approximately 0.6. At
this speed and for zero pay load, the ducted-fan engine showed a
5-percent Increase in range over the turbojet engine. At higher
flight Mach mumbers or at a pay-load-to-gross-weight ratio of 0.3
or greater, the increase in range wes negligible.
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2 NACA TN No. 1745

If flight speeds do not exceed & Mach nmmber of approximately
0.6, the turbins-propeller engine offers the most favorable perfor-
mence of any of the engines considered. At higher flight Mach numbers,
the turbojet engine with tail-pipe burmer (operating for thrust
augmentaetion and nonoperative for range) should realize the greatest
perfarmance flexibility of any of the engines considered.

INTRODUCTTON

The ducted-fan type of turbojet engine represents an attempt
‘to combine the fuel economy of a propeller-type engine with the light
welght of the turbojet engine. A ducted-fan turbojet englne may be
considered as a modification of the turbojet engine, which requires
the installation of a more powerful turbine to drive a relatively
smell-~diameter mltibladed propeller in addition to the normel com-
pressor. All or part of the air (depending on the configuration)
that 1s handled by the propeller, or fan, 1s passed through a sep-
arate duct. Burners are installed In the separate duct to augment
the thrust when necessary. ‘These engines are hereinafter designated
ducted-fan engines. A schematlic disgram of thils type of engine is
presented in figure 1; a turbojet-type engine 1s also shown for com-

parison.

For economy operation, the ducted-fan engine 1s intended to
handle a greater mess of alr at lower Jet velocitlies (unheated outer-
duct air) and hence attaln a higher propulsive efficiency than a
turbojet engine of equal thrust. The higher propulsive efficiency
appears In the form of a lower specific fuel consumption. If the
thrust per unit frontal area of the ducted-fan engine were made equal
to that of the turbojet engine, it would be necessary to increase the
air-handling capacity per unit frontal area of the ducted-fan engine
beyond that of the turbojet engine.

The present investigation, which was conducted at the NACA Cleveland
laboratory, is based, however, on the fact that if an increased air
flow per unit area were possible for a ducted-fan engine it would also
be possible for the turbojet engine. The ducted-fan engine should
therefore have a lower specific fuel consumption and & lower thrust
per unlt frontal area than a comparable turbojet engine.

A survey of avallable literature reveals only incomplete infor-
mtion on the performance of ducted-~fan engines. An American inves-
tigation (reference 1) indicates that at 400 to 500 miles per hour
at altltudes of 30,000 to 35,000 feet the fuel economy of a ducted-
fan engine is substantially better than that of a turbojet engine.
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The investigation did not include engine operation with auxiliary
burning. Considerable interest has been shown by the British in
ducted-fan-engine performence and design. Results of static tests

of such an engine operating without tail-pipe burning are presented
in reference 2. Detalls of the Miles supersonic aircraft, which
utilizes a ducted-fan engine with auxiliary burning, are presented
in reference 3 but no engine performance date are given. Reference 4
mentions an experimental Power Jets ducted-fan engine but does not
present performance data.

A theoretlcal analysis was therefore underteken at the Cleveland
laboratory to obtailn information based on attalnable values of specific
fuel consumption and thrust per unit frontal area and to evaluate this
informetion in terms of the speed-range-pay-load characteristics of
the ducted-fen engine. The performance of three series of ducted-
fan engines designed for obtalning maximm net thrust per pound of
alr handled, maximm economy, and maximm range is considered. The
performance of the engines with thrust augmentation by auxiliary
burning (simultansous operation of all auxiliary bwrmers) for obtain-
ing maximm thrust and without avxilliary burning for achieving maxi-
mm economy or maximm range ls analyzed at flight Mach mumbers of
0.3 to 0.9 at an altitude of 30,000 feet.

The calculated characteristice of three series of turbojet
engines (with or without thrust augmentation by tail-pipe burning)
operating at conditions of maximm net thrust per pound of alr handled,
maximm economy, and maximm range are included to provide a means
of evaluating the performance of the ducted~fan engines. Turbine-
propeller engine data from reference 5 are also included for additional
evaluation purposes. The range characteristics of all engines is pre-
sented for pay-load-to-gross-weight ratios of 0.0 to 0.4.

T™e terms "ducted-fan englnes" and "turbojet engines" shall
indicate hereln engines equipped with cold auxiliary burners. In
the case of the ducted-fan engine, the combination of outer-duct ani
tail-pipe burners is designated auxiliary burners (fig. 1l(a)); in the
cage of the turbojet engine, the auxiliary burners are tail-pipe burmsrs.
The increased pressure drop and engine welght resulting from the pres-
ence of the cold burners penalize the performance of the maximum-
econamy and maximm-range engines. It is assumed, however, that
future standard turbojet -type engines will include auxiliary burners
as reégular equipment to permit a choice betireen crulsing economy and
thrust sugmentation.
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BASIS QF ANALYSIS

Englne Performance

6T0T

This analysis assumes that the working substance of all engine
cycles is air. Varilable specific heats are also assumed.

The properties of the gas were evaluated at the stations indi-
cated in figure 1. (Corresponding stations of the two engines have
the same identification.) .

It is assumed that the compressor, or fan, will limit the air flow
and that the diameter of the engine will be substantially that of the
campressor, or fan. The air-flow limltatlon is considered to occur
in the inlet stage of the compressor, or fan, by virtue of the attaln-
ment of a limlting Mach number. The size limitatlion assumes that the
burners and the turbines are capable of handling the maximum air-flow
capacity of the compressor without exceeding the diameter of the com-
pressor. The maximum dlameter of curremt axlal turbojet engines occurs
at the burners. However, increased compressor pressure ratlios plus
improved burner configurations for starting and extreme altitude con-~ ’
ditions should permit the burners of fubure turbojet engines to atay
within the compressor-diameter limitation. Anslysis indlcates that
the diameter of the turbine does not have to be greater than that of .
the compressor. The condltliaon of equal turbline and compressor
diameter is nevertheless more difficult to satlefy In the case of
turbine-propeller and ducted-fan types of engine wherein the turbine
is required to develop excess shaft horsepower as compared with a

turbojet-type engine.

It is also assumed that the compressors, or fans, of the turbojet
and ducted-fan engines will be of the axial-flow type and will operate
at the same values of air flow per unit frontal area. These assump-
tions permit the analysis to make use of the parameter net thrust per
pound of air handled, which is then equivalent to net thrust per unit
frontal area. Frontal area is considered to include the engine and

nacelle.

The following specific assumptions are necessary to the analysis:

Ducted-fan engines. -

I - Primary cycle

(1) Diffuser pressure coefficient Cg, 0.9 (A1l symbols are
defined in appendix A)
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(2) Compressor adiabatic efficiency 7,, 0.85

(3) Burner efficiency Tpb, 0.95; lower heating value of fuel,

18,550 Btu per pound (same fuel used in auxiliary burners); .
burner total-pressure loss due to friction and momentum,
P
5 percent, or =S - 0.95
P2

(4) Turbine-inlet temperature Tz, 2000° R; turbine adiabatic
efficiency 1¢, 0.9

(5) Tail-pipe-burner efficlency mngp, 0.9; tall-pipe temperature
Ts limited to maximum of 3000° R; friction loss in the tail
pipe burner equivalent to total-pressure loss of 7 percent,

P
or §§ = 0,93; momentum pressure loss due to burning in

tail pipe neglected

(8) Jet-nozzle adiabatic efficilency LEE 0.94; convergent nozzles
used

(7) Mass of gas through turbine equal to air mass through com-
pressor; coollng-alr loss assumed equal to mass of fusel
added

(8) Turbine output equal to compressor work plus fan work
I1I - Secondary cycle

(1) Diffuser pressure coefficient Cq, 0.9
(2) Fan adiabatic efficiency np, 0.85

(3) Friction loss in secondary duct caused by burner equiv-
alent to total-pressure lose of 7 percent, or without

P
auxiliary burning f% = 0.93; limiting burner temperature,

3000° R; momentum total-pressure loss due to burning, 5 per-
cent; total-pressure loss with burning, 12 percent, or

P
-8 = 0.88
P
(4) Jet-nozzle adlabatic efficlency nJ, 0.94; convergent nozzles
used

Turbojet engines. - The essumptions applying to the turbojet
engines are the same as those assumed for the primary cyclegof the

———— e ———
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ducted-fan engine except that the turbine output is equal to the com-
pressor work.

Turbine-propeller engine. - The turbine-propeller information
taken from reference 5 is based on component and combustion effi-
clencies that are the same as those assumed for the ducted-fan engine.
The fan, however, is replaced by a propeller the propulsive efficlency
of .which is assumed to be 0.85 through a Mach number of 0.6 and 0.82
at a Mach number of 0.7. There are, of course, no secondary duct con-
slderations and the auxiliary burner in the taill pipe is omitted. The
turbine output is equal to the compressor work plus the propeller work.

Aircraft Performsnce

The range study for aircraft using the various engines requires
the selection of a finite engine size. A typical turbojet engine,
which has a frontal area A of 4.2 square feet including the nacelle,
was selected as a basis for this analysis. It is assumed that the
primery unit of a ducted-fan engine can be scaled down without dif-
ficulty to meintaln equal frontal areas for all engines.

The air-handling capacity of all englnes 1s 13 pounds per second
per square foot frontal aree at sea level and zero flight speed. The
corrected air flow 1s assumed to be constant at all flight conditions.

The methods of reference S5 were used to estimate the engine weights.

The estimated engine weights Wy are based on a standard turbojet
englne that weighs 1120 pounds and has a compressor pressure ratio of
4.12., For other campressor pressure ratios, 50 percent of the basic
engine weight of 1120 pounds is considered to be fixed, 30 percent
varies as the logarithm of the compressor pressure ratlo, and 20 per-
cent varies as the logarithm of the turbine pressure ratio. The fan
constitutes an additional weight that is assumed equal to 30 percent
of the basic engine weight for a pressure ratio of 4.12 and varies

as the logarithm of the fan pressure ratio. The tall-pipe burmer is
agssumed to welght 250 pounds and the secondary burner, 350 pounds.
The size of the primary and secondary units is considered to vary In
direct proportion to the respective air flows. The engine nacelle is

assumed to welgh 224 pounds.

The aircraft gross weight consists of engine welght, fuel yelght,
fuel-tenk weight, which is estimated at 10 percent of the fuel weight,
pay load, and structural weight, which is corsidered to be 40 percent
of the gross weight. It is assumed that all pay load will be obtained
at the expense of displaced fuel. Pay-load-to-gross-weight ratio
values of 0, 0.1, 0.2, 0.3, and 0.4 are used. The 1lift~drag ratio
L/D (neglecting nacelle drag) and the drag coefflicient Cp vary with
f1light Mach number Mg in the following manner:

6T01
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My | Lo Cp

0.3 | 18.00 | 0.0556
5 | 18.00 .0560
.6 | 17.21 .0580
.7 | 15.11 .0655
«9 | 10.67 .0870

The decreage in I/D with increasing flight Mach number permits
a constant wing loading of 80 pounds per saquare foot.

With the use of these assumptions to determine the englne size
and the corresponding aircraft, the range is calculated in a mamer
similar to that of reference 5.

The mathematical expressions required for the a.iaalysis are glven
in appendix B.

RESULTS AND DISCUSSION
Maximm-Thrust Engines

The effect of the ratio of the power to the fan to the available
fen power § and the ratio of secondary air flow to primary air flow
Wy on net thrust per pound of eir handled by ducted-fan engines with
auxiliary burning at a Mach number of 0.3 is illustrated in figure 2.
The corresponding change in net-thrust specific fuel consumption is
also shown. The curve indicates that the maximm net thrust per pound
of air handled is obtained by reducing @ end Wr to zero. The
ducted-fan engine with auxiliary burning therefore evolves into a ‘turbo-
Jet engine with tail-pipe burning. A calculetion of maximm net thrust
Per pound of air handled at a flight Mach number of 0.9 gave similar
results. It can also be seen (fig. 2) that ducted-fan engines with
auxiliary burning not only develop a lower net thrust per pound of air
handled but show an increase in net-thrust specific fuel consumption
as compared to a turbojet engine with tail-pipe burning. The opti-
mim compressor pressure ratio used for determining the meximm thrust
of the ducted-fan engine with auxiliary burning is the sems as that
of the turbojet engine with tail-pipe burning.

Ducted-fan engines can produce an equal or higher thrust per unit
frontal area only if compared with turbojet engines having a lower
alr-handling capacity per unit frontal area (fig. 2).

The maximm obtainable net thrust per pound of air handled and
the corresponiing net-thrust specific fuel consumption at various

T T e e e e et e e A e A« S 8 < = e o P e et e e« e g e o
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Flight Mach mubers for turbojet engines with tail-plipe burning are
shown in figure 3. At these conditioms turbojet engines with tail-
pipe burning represent the optimm configurations of maxlmm~thrust
ducted-fan englines with auxlliary burning. The approximate com=-
presgor pressure ratio Pp/P; for obtaining maximmm net thrust per
pound of air handled ls also plotted in figure 3, against Mach num-
ber for turboJet engines wlth talil-pipe burning. The decrease of
compressor pressure ratlo wlth flight speed 1is such that the product
of compressor pressure ratio and ram pressure ratio is approximately
constant over the speed range. Thls constancy is coincidental
inasmch as the compressor pressure ratio decreases with Mach nmumber
for the condition of maximum thrust as a result of the decreasing
ratio of turbine-inlet to engins-inlet temperatures. The compressor
pressure ratlios shown In figure 3 tend to produce the maximm pro-
pulsive Jot wvelocity.

Maximm-Economy Engines

The variation of minimum obtalnable net-thrust specific fuel
consumption and corresponding net thrust per pound of air handled
with flight Mach nmmber is shown In figure 4 for ducted-fan and
turbojet englnes. Values of net-thrust specific fuel consumption
are also shown for the turbine-propeller engine but are not neces-
serlly minimums because the engine 1s of constant pressure ratlo.
These values do, however, demonstrate the capaclity of the turbine-
propeller engine to operate at substantially lower values of net-
thrust specific fuel consumption below a flight Mach nnmber of
epproximately 0.85 than ducted-fan and turbojet engines. The
turbine-propeller data are teken from reference S.

At a Mach number of 0.3, the net-thrust specific fuel consump~
tion of & ducted-fan engline is 27 percent lower than that of a
turbojet engine. This difference diminishes to approximately
4 percent at a Mach number of 0,9. The low net-thrust specific
fuel consumption is accompanied, however, by low values of net
thrust per pound of air. These values are only 27 to 64 percent
(depending on the flight Mach number ) of the net thrust per pound
of air produced by turbojet engines. A plot of the net thrust per
pound of air handled by the turbline-propeller engine is omitted
because of lack of & compareble basis of presentation.

The values of fan pressure ratio P7/Py, @, and W, required to
obtaln minimm net-~thrust specific fuel consumption over the range
of Mach numbers considered are presented in figure 5. The fan
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pressure ratio increases with increasing Mach mumber whereas both
the power input to the fan and the secondary air flow decrease with
increasing Mach mumber. The Increasing fan pressure ratio is the
result of the secondary alr flow decreasing at a greater rate than
the fan power input. The approximate compressor pressure ratios
necessary to provide minimum obtainable net-thrust specific fuel
consumption are also shown in figure 5 for ducted-fan and turbojet
engines for the range of flight Mach numbers considered.

The convergence of the curves of flgures 4 and 5 indicate the
conversion of the ducted-fan engine into a turboJjet engine at a
flight Mach number greater than 0.9. A separate calculation locates
the end point of this trend at a flight Mach mumber of approximately
1.2,

MagimuméRange Engines

In order to determine the maximum flight range of various
alrplane~-sngine configurations, it 1s necessary to calculate the
values of three important englne parameters: specific fuel con-
-sumption sfc, net thrust Fp, and engine weight W,. The Inter-
relation of these parameters 1s complex to the extent that it is
Impossible to obtain maximum flight range by powering an airplane
with either e maximum-economy or & maximum-thrust type of turbojet
engine.

A maximum-economy type of turbojet englne requires a high com-
pressor pressure ratlio, or greater engine weight, and produces a low
thrust per pound of alr, which results in an extremely high specific
engine weight We/Fp.

A meximum~thrust type of turbojet engine, although possessing a
low specific englne ﬁeight, is unable to operate at a sufficlently
low value of specific fuel consumption. A compromise ls therefore
necessary. The discussion that follows indicetes what thies compro-
mise should be.

A plot of maximum obtalnable range against flight Mach number
is presented in figure 6 for ducted-fan and turbojet engines at
several ratios of pay load to gross weight. Ducted-fan engines show
a substantially greater range at flight Mach nmumbers below 0.6 and
pay-load-to-gross~weight ratios below 0.3 then turbojet engines.
Thlg difference 1s negligible at elther higher flight Mach mmbers
or greater pay-load-to-gross-weight ratios. The greater range for
the ducted-fan englne over the turbojet engline at flight Mach
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mumbers below 0.6 is of 1little consequence, however, lnasmuch as
the maximum £light range for both englines occurs at a £light. Mach
rumber of approximetely 0.6. At this speed, and at zero pay load
the ducted-fan shows & range increase of only 5 percent over the
turbojet engine.

The veriation in range with flight Mach number at various pay-
load~to-grogs-weight ratios for the turbine-propeller engine described
in reference 5 is slso shown In figure 6. Although the range per-
formance is not necessarlly a maximum because of constent pressure
ratio, a marked range advantage is indicated for the turbine-
propeller engline as compared with the turbojet-type engines below
a flight Mach number of 0.6.

The approximete values of fan pressure ratio, ¢, W,, and
compressor pressure ratlos necessary to obtaln maximum range at
verious flight Mach numbers with ducted-fan engines are presented
in figure 7. Corresponding pressure ratlos are also shown for
turbojet englines. The trend of these curves 1s simllar to the
trends indicated in flgure S. In figure 7, the ducted-fan engine
reverts to a turbojet engine at a flight Mach mumber of 0.8.

Tt can be seen in figure 7 that § and W, are unaffected by
the pay-load-to-gross-weight ratio; however, the fan pressure ratilo
increases and the compressor pressure ratio decreases with an
Increasing pay-load-to-gross-woight ratio. The decreased compressor
pressure ratlo hes a greater effect on range than the Increased
fan pressure ratio imn that the total englne welght and the net-
specific engine weight are reduced, as shown in figure 8. A factor
contributing to the lmproved specific englne welight 1s an Increase
In net thrust per pound of alr with Inc¢reased pay-load-to-gross-
wolght ratlo, which is shown in figure 9.

Although ducted-fan meximm-rapge engines are lighter than
turbojet maximum-range enginss, apparently because of the higher
compressor pressure retlos of the turbojet englines, the specific
weights of the turbojet engines are lower (fig. 8). The favorable
specific weights of these englines permit thelr maximm range to
equal or exceed that of the ducted-fan englines at flight Mach mnm-
bers above 0.65 or pay-load-to~gross-welght ratios of 0.3 and
above.

One of the anticlpated adventages of a ducted-fan englne 1is a
low specific welght relative to turbojet engines. If ducted-fan
engines are compared with turbojet engines of equal air-handling
capacity per unit frontal area, however, & lower specific weight
is not indicated (fig. 8).
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In addition to the values of net thrust per pound of air shown
in figure 9, the corresponding net-thrust specific fuel consumption
is presented for maximum-rangs ducted-~fan and turbojet engines
operating at various flight Mach numbers and several pay-load-to-
grosgs-welght ratios. Although specific fuel consumption is a
commonly accepted index of Jet-engine performence, a comparison of
Pigure 9 with figure 4 (minimum net-thrust specific fuel consumption)
shows that a low specific fuel consumption i1s not necessarily a
criterion of the best-range type of turbojet engine.

If £light speeds do not exceed a flight Mach number of approx-
lmately 0.6, the turbine-propeller engine should offer the most
favorable performance of any of the engines considered. If, however,
higher flight Mach mmmbers are desired, the turbojet engine with
tail-pipe burner (operating for maximum thrust and nonoperative for
achieving greater range) should provide the greatest flexibility of
all the englines considered.

SIMMARY OF RESULTS

According to performance evaluation of ducted-fan engines
relative to turbojet and turbine-propeller engines, based on equal
alr flow per unit frontal area, the following results were obtalned:

1. The turbojet engine with tall-pipe burning produced greater
thrust per pound of air handled than any configuration of ducted-fan
engine.

2. At flight Mach numbers up to 0.85, the ‘turbine-propeller
engine provided the lowest specific fuel consumption of any of the
engines investigated. Ducted-fan engines desligned for minimum
net-thrust specific fuel consumption operated at 27 and 4 percent
lower values, at flight Mach numbers of 0.3 and 0.9, respectively,
than those obtainable from turbojet englnes deslgned to obtaln min-
imumn specific fuel consumption.

3. Below a flight Mach number of 0.6 and for pay-load-to-gross-
weight ratios of 0.3 or less, the turbine-propeller engine realized
the greatest range of any of the engines considered. Maximum range
for both ducted-fan and turbojet engines occurred at a flight Mach
number of approximately 0.6, At this speed and for zero pay load,
the ducted~-fan engine showed a S-percent increase in range over the
turbojet engine., At higher flight Mach numbers or at a pay-load-to-
gross-welight ratio of 0.3 or greater, the increase in range was
negligible. .
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CONCLUSIONS

From the preceding resu.l.té, the followling conclusions are
drawn:

l. Ducted-fan engiﬁes show & higher thrust per unit frontal area
only if compared with turbojet engines of lower air-handling capacity
por unit frontal area.

2. If ducted-fan engines are compared with turbojet engines of
equal air-handling capacity per unlt frontal area, no improvement
in specific welght is indicated.

3. If flight speeds do not exceed a flight Mach nuwmber of
epproximately 0.6, the turbine-propeller engine should offer ths
most favorable performance of any of the engines considered. If,
however, higher flight Mach numbers are desired, the turbojJet engine
with tail-pipe burner (operating for maximum thrust and nonoperative
for achleving greater range) should provide the greatest flexibility
of all the engines considered.

Llewis Flight Propulsion Labaratory,
Netional Advisory Committee for Aeronautics,
Cleveland, Ohlo, August 25, 1948.

1019
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APPENDIX A
SYMBOLS

The followlng symbols are used in the analysis:

A frontel area, sq ft
CD nacelle drag coefficlent
e
c diffuser pressure coefficient, Z————
q PO = PO
cp specific heat at constant pressure, Btu/(1b)(°F)
D, nacelle drag, 1b
¥, net thrust, 1b
T fuel-air ratio
g acceleration due to gravity, 32.18, J'."t/secz
Ah change in enthalpy, Btu/lb
J mechanical equivalent of heat, 778, ft-1b/Btu

1/D lift-drag ratio of aircraft without nacelles

Mo flight Mach mumber

P total pressure, lb/sq‘f*t

P static pressure, 1b/sq ft

q dynsmic pressure, 1b/sq ft

R gas constant, 53.3, £t-1b/(1b)(°F)

sfc specific fuel consumption, 1b/hr/(1b thrust)
T total temperature, °r
t static temperature, °R

v velocity, f£t/sec
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Wy alr flow, 1b/sec
Vo engine weight, 1b
W secondary alr flow

r primery alr flow

7 ratio of specific heats

| adlabatic efficlency

¢ power to fan - power to fan

avallable fan power maximum available turbine power - compressor
work

Subscripts:

0 ambient atmosphere

1 compressor and fan inlet
2 compressor outlet .

3 turbine inlet

4 turbine toutlet

S tall-pipe and auxiliary-burnsr inlet

6 Jet-nozzle throat

7 fan outlet

8 auxiliary-burnsr inlet (secondary burner)

9 Jet-nozzle throat (secondary Jet)
avall avallable turbine work

c compressor

£ fan

J Jet
pb - primary burnsr

1019
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pJ
sb
8J
t

thb

primary .Je’c<>
secondary burner
secondaxry Jet
turbine

tall-pipe burner

15
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APPENDIX B

METHOD OF ANALYSIS
Englne Performance

The analysis of the ducted-fan engines follows the assumptions
listed in the section BASIS OF ANALYSIS. The net thrust per pound
of air flow and the specific fuel consumptlon are derived from the
enthalpy changes across the engine ccmponents. The turbine is con-
sidered capable of converting all the maximum avallable energy for
driving the compressor and the fan. Maximum avellable energy is
herein defined as the energy obtainable as the result of the
expansion of the gases 1n the turbine from the turbine-inlet pres-
sure to atmospheric back pressure, or

-1
76
2o\ 7+
8hgvat1 = Op,tT3ly | 1 - ;; (1)
The compressor work is
7.1
7
Ah, = ﬁ -P—z ° 1 (2)
¢ = %p,c e [\21 -

The fan work is assumed to be a function of the availeble turbine
energy after deducting compressor work

7f‘1
Tl P7 h i
WAhe = Wpop ¢ (Ty -T3) = Weep o ?1'1: i) - 1| = § (8bggayy-ahe)

(3)
The work required of the turbine can now be found from

7t-1
Ah, = (Tx ~-T,) = T 1-3‘371’ = Ah W (4)
hy = p,t V3T 4 = Cp,t+3M% PS = oh, + W Abp

Y
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7

The net thrust per pound of alr flow is computed from the following

relation:
L 1 | Y% % Vg A

W
xr
W, “WosI| T, (6" 20) +Wr+1[g

A
6
where Vg, Dg, and E and Vg, Dg, and
the following equations?
7 .~1
“RJ
V6 "ngcp,pJTS“,j 1- -fg
7 !
l [3
2 7pj which i t
p6 ZE’6 <7 +1) or PO’ chever 1s greater
rJd
A _®e
wa Psvs

e m e e e e R e P © e o e e S e g A et e

A

W

v
=

(Pg = Po)il =

are found from

P (6)
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Zsyt
7
2 g\ '8J
7
—B8J_
= 2_\7s3°1
Py = Py <7s,j _,,1) or p,, whichever is greater P (7)
9 X
Wy pgvg

The fuel-air ratio for the complete engine cycle is then found
from the followling equation:

C C £
—%}1’1’- (T3 -T5) + 222 (25-1y) +wrf%!-53 (Tg - T;)
tb 8b

b !
£ = -2 : (8)
18,550 (W, +1)

and from equations (5) and (8), the specific fuel consumption is
calculated

3600 £ , (9)

Fn; a

sfc =

The values used for cp and y are functions of the corre-

sponding temperatures. Optimumm values for the compressor pressure
ratio Py/P;, the ratio of the power to the fan to the available

fan power @, and the ratio of secondary air flow to primary eir
flow Wp for each Ilight Mach number M, are determined by

graphical solutlon. . o
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The enalysls of the turbolet engine 1s the ssme as the ducted-fan-engine anelysis when
Wy and @ are egual to zero.

Alrcraft Performance

With the assumptions listed in the section BASIS OF ANALISIS, the welght of each ducted-
fan engine 1s computed as

P2 F3 7
560 + 542 log (—r;i->+470 loz (-I-,Z)+542 Hr log @I 250+I550Wr

We = W71 + Y +22¢  (10)

in which the seoomd term consigts of the tail-pipe burmer and the seccndary-burner weights.
Thls expresslion is adaptable to the turbojet engine when W, 18 equal to zero.
. ~

The rangs of the aircraft 1s then computed using the method of reference 5 from which

tl-le fellowing expresslon 1s derived;— - . By
B o3(-7) =
Renge = —= D <- logg |1 -%J: 0.8 -gropz%ieo?.ght -5 nh » (11)
588
where - oo E
D = Opgh ‘ (12)

The velues of 1.1 and 0.6 appearing in eguation (11) represent fusl plus fuel-tank weight
and gross alrplans welght leas structural welght, respeotively.

Bquetion (11) essumes that the ratios 1/D amd Vp/sfc remain constent during a flight.

-

SpLT "OM ML VOV
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Station
0 Ambilent atmosphers
1 Compressor and fan inlet
2 -Compressor outlet
3 Turbine Inlet
4 Turbine outlet
5 Tail-pipe- and auxiliary-burner lnlet
6 Jet nozzle throat
7 Fan outlet
8 Auxiliary-burner inlet (secondary burner)
9 Jet-nozzle throat (secondary jei?
Fan Auxiliary burners—\§\
7 ~\¥s 9
ZC 3
0 1 ‘ ;e 0
(a) Ducted-fan engine.
Tail-pipe burners——\
J 2( 3] 14 (5
0 1 6 0

Nnnn € i .

—

(b) Turbojet engine.

Figure 1. - Schematic diagrams of ducted-fan engine
and turbo jet engine, including auxiliary burners,
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Engine

o Turbo Jet with tail-pipe burning (maximum thrust)
Ducted fan with auxiliary burning

— Power to fan _,
2.4 Availlable fan power ¢
— 0.1
" /
-/}
3k
100 L 2.2
“a
Q
(3] q?lg / 2
1o}
S 9 %Ez.o
ﬂ // Power to fan '@ 3.\ / / .3
~ \ \Available fan power oo
A 7 \ s /
- IS
80 1.8
J NN a5 77
@ 0.3 b 3 /)
o FLypss
Al \ 28
Pla 2 7
70 g£1.6
Pl o
) o )]
=l
o
& \ 1 QAR
- 104 + +
600 .5 1.0 o] «5 1.0
Secondary alr flow W, Secondary air flow Vg

“Primary air fTiow “Primary air flow

Figure 2., - Effect of varylng ratio of secondary air flow to primary
ailr flow and ratio of power to fan to avallgble fan power with net
thrust per pound of air and net—thrust specific fuel consumption
for dqucted-fan engines with auxillary burning. ¥ach number, 0.3;
altitude, 30,000 feet.
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Migure 3, - Net thrust peér vourd of air, net-thrust specific fuel
consumption, and compressor pressure ratis for maximum-thrust
turbo Jét engines with tail-pipe burning (optimum configuration
of ducted-fan engine with auxiliary burning) at varicus flight
Mach mimbers, Altitude, 30,000 feet,
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Not-thrust specific fuel
consumption, (1lb/hr)/(1b thrust)

5o’ 1b/1v/sec

Net thrust
otal alr

1.2

[
L]
Q

NACA TN No. 1745
Engine
Ducted fan (maximum economy) A
———— Turblne propeller _/
——-—— Turbo jet (maximum economy) ) /
|~ //_//'KT
'8 e 7 7
_d—T11 g A
7
4 // A
6 yd
. / Py
/ /f/
'/ ‘4
- //
-
P
o4 -
|~
//
a’//
2
50
—
N\\‘
40 B —
- ‘\\-__5
30
L
10
2 ) -4 «5 .6 .7 8 .9 1.0

Flight Mach number, M,

Figure 4. - Net thrust per pound of air and net-thrust specific fuel
consumption for maximum-economy ducted-fan and turbojet engines at
various flight Mach numbers, (Net-thrust specific fuel consumption
also shown for turbine-propeller engine.) Altitude, 30,000 feet.
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Fan pressure
ratio Py/Py

#

Po/Py

Compressor pressure ratio,

2.0 =
- 1
///
1.6 -
|__— Engine
L
]
e Ducted fan
—=~— Turbo jet
1.2 -
8 — .8 ]
1§ — g 8
sy \\ “~ -
\ — Ola
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P B e g | 3%
0 o -§
«
60
Q\\
———
\ \\\‘
40 \\ o
~— ] . \\\
Tt
20
0.2 3 o4 .5 .6 7 .8 .9 1.0

Flight Mach number, Mo

Figure 5. - Approximate variation with flight Mach number of fan pressure
ratio, ratio of power to fan to avallable fan power, ratio of secondary
alr flow to primary air flow, and compressor pressure ratio necessary
to permit ducted-fan engines to operate with maximum economy., (Required
compressor pressure ratlios also shown for turbojet engine operating at
maximum economy.) Altitude, 30,000 feet.
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2000
\\ Engine
N ~—————— Ducted fan (maximm range)
8000 S — ~———"Turbine propeller
N ——-——Turbo jJet (maximum range)
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7000 ‘\
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\\ \\
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Flight Mach number, M,

Figure 6, - Flight range of maximum-range ducted-fan and turbojet
engines for several ratlos of pay load to gross welght at various
flight Mach numbers. (Flight range of turbine-propeller engine also
shown,) Altitude, 30,000 feet,
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Figure 7. - Approximate variation with flight Mach number of fan pressure
ratio, ratio of power to fan %o avallable fan power, ratlio of secondary
air flow to primary air flow, and compressor pressure ratio (at several
values of pay-load-to-gross-weight ratio) necessary to permit ducted-
fan engines to attain maximum flight range.
ratios shown for turbojet enginse.
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{Corresponding pressure
Altitude, 30,000 feet,
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Estimated total engine welight, 1lb

1b welght
1b thrust

Estimated net-specific engine
'eisht’

NACA TN No. [745
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Figure 8. - Estimated engine weight and net-specific engine weight of
meximm-range ducted~fan and turbojet engines at various flight
¥ach numbers for several values of pay-load-to-gross-weight ratio,
Altitude, 30,000 feet,
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Flgure 9. - Net thrust per pound of air and net-thrust specific fuel
consumption of maximum-range ducted-fan and turbo jet engines for
several ratios of pay load to gross weight at various flight Mach
numbers., Altitude, 30,000 feet. .




